The oncoproteins of small DNA tumor viruses promote tumorigenesis by complexing with cellular factors intimately involved in the control of cell proliferation. The major oncogenic determinants for human adenovirus type 9 (Ad9) and high-risk human papillomaviruses (HPV) are the E4-ORF1 and E6 proteins, respectively. These seemingly unrelated viral oncoproteins are similar in that their transforming activities in cells depend, in part, on a carboxyl-terminal PDZ domain-binding motif which mediates interactions with the cellular PDZprotein DLG. Here we demonstrated that both Ad9 E4-ORF1 and high-risk HPV E6 proteins also bind to the DLG-related PDZ-protein MAGI-1. These interactions resulted in MAGI-1 being aberrantly sequestered in the cytoplasm by the Ad9 E4-ORF1 protein or being targeted for degradation by high-risk HPV E6 proteins. Transformation-defective mutant viral proteins, however, were de®cient for these activities. Our ®ndings indicate that MAGI-1 is a member of a select group of cellular PDZ proteins targeted by both adenovirus E4-ORF1 and high-risk HPV E6 proteins and, in addition, suggest that the tumorigenic potentials of these viral oncoproteins depend, in part, on an ability to inhibit the function of MAGI-1 in cells.
Introduction
Human adenoviruses are associated primarily with respiratory, gastrointestinal, and eye infections in people but, in rodents, some of these viruses have the capacity to induce tumors (Shenk, 1996) . Based on the types of tumors elicited and the oncoproteins that determine their tumorigenicity, two dierent classes of oncogenic human adenoviruses can be distinguished. Human adenoviruses from subgroups A and B induce primarily undierentiated sarcomas at the site of injection, and the tumorigenic potential of these viruses depends solely on their nuclear E1A and E1B transforming proteins (Shenk, 1996) . In contrast, subgroup D human adenovirus type 9 (Ad9) generates exclusively estrogen-dependent mammary tumors (Javier et al., 1991) , and the tumorigenic potential of this virus relies on its cytoplasmic Ad9 E4-ORF1 (9ORF1) transforming protein (Javier, 1994; Thomas et al., 1999) .
Human papillomaviruses (HPV) are the etiological agents of warts in people. With regard to HPVs that infect the genital tract, high-risk HPVs (types 16, 18, 31, and 45) are strongly associated with cervical cancer whereas low-risk HPVs (types 6 and 11) are weakly or not associated with this disease (Howley, 1996) . In addition, the major oncogenic determinants of highrisk HPVs are their E7 and E6 gene products. Interestingly, the tumorigenic potentials of high-risk HPV E7 and E6 and adenovirus E1A and E1B, as well as SV40 large T-antigen, similarly depend in part on their capacity to complex with and inactivate the tumor suppressor proteins pRb and p53 (Nevins and Vogt, 1996) . Such ®ndings have revealed that seemingly unrelated oncoproteins from DNA tumor viruses often target common cellular factors having critical roles in the control of cellular proliferation. We and others recently showed that the seemingly unrelated adenovirus E4-ORF1 and high-risk HPV E6 proteins, as well as the human T-cell leukemia virus type I (HTLV-1) Tax protein, likewise target a common cellular factor (Lee et al., 1997) . It was found that these viral oncoproteins similarly bind to the cellular PDZ domain-containing protein DLG (Kiyono et al., 1997; Lee et al., 1997) , which is a mammalian homolog of the Drosophila tumor suppressor protein dlg (Lue et al., 1994; Muller et al., 1995) .
PDZ domains are 80 ± 90 amino-acid protein-protein interaction modules most often found within cellular factors that function in signal transduction (Fanning and Anderson, 1999) . These domains typically bind speci®c sequence motifs located at the extreme carboxyl-terminus of target proteins, although they also participate in other types of protein interactions. Three dierent types of carboxyl-terminal PDZ domain-binding motifs are recognized and, at their extreme carboxyl-termini, adenovirus E4-ORF1, highrisk HPV E6, and HTLV-1 Tax proteins possess a type I motif having the consensus sequence -(T/S)-X-(V/I)-COOH (X, any amino-acid [aa] residue) (Lee et al., 1997) . These PDZ domain-binding motifs mediate interactions with one or more PDZ domains of DLG and, for the 9ORF1 and high-risk HPV-16 E6 proteins, disruption of this motif abolishes their transforming activity (Kiyono et al., 1997; Lee et al., 1997) . These ®ndings suggest that transformation by these viral oncoproteins depends in part on their ability to block the function of DLG.
Drosophila dlg has been designated as a tumor suppressor protein because, for larvae carrying homozygous dlg mutations, imaginal disc epithelial cells exhibit loss of polarity and neoplastic outgrowth and, in addition, certain neuronal cells of the brain undergo hyperplastic growth (Woods and Bryant, 1991) . The fact that DLG rescues the phenotypic defects of Drosophila unable to express functional dlg indicates that these two proteins are functionally homologous (Thomas et al., 1997) . These two closely-related proteins are members of the membrane-associated guanylate kinase (MAGUK) family of proteins, which typically have a domain structure consisting of one or more amino-terminal PDZ domains, an internal SH3 domain, and a carboxyl-terminal guanylate kinasehomology domain (Craven and Bredt, 1998) . In general, this family of polypeptides functions to properly localize membrane and cytosolic proteins to the plasma membrane at specialized regions of cell-cell contact, as well as to organize these targets into large signaling complexes (Fanning and Anderson, 1999) . These results, together with our recent ®nding that high-risk HPV E6 proteins target DLG for degradation in cells (Gardiol et al., 1999) , suggest a model whereby the proposed cell signaling regulatory activities of DLG function to suppress inappropriate proliferation of cells.
Our previous ®ndings with the 9ORF1 oncoprotein suggest that its oncogenic potential depends not only on interactions with DLG (Lee et al., 1997) , but also with other unidenti®ed cellular PDZ proteins (p220, p180, p160, p155) (Weiss et al., 1997a) . In this paper, we screened a panel of large cellular PDZ proteins for an ability to bind the 9ORF1 protein in order to identify additional cellular factors that contribute to 9ORF1-induced transformation. We found that 9ORF1, as well as high-risk HPV E6 oncoproteins, selectively complex with the widely-expressed cellular PDZ-protein MAGI-1, a MAGUK protein related to DLG. Additional results showed that MAGI-1 is aberrantly sequestered in the cytoplasm of cells by the 9ORF1 protein and is targeted for degradation in cells by high-risk HPV E6 proteins, suggesting that the transforming potentials of two unrelated viral oncoproteins depend in part on an ability to inactivate this cellular PDZ protein.
Results

9ORF1 complexes with the PDZ-protein MAGI-1 in cells
The transforming activity of the 9ORF1 oncoprotein depends on its carboxyl-terminal PDZ domain-binding motif (Table 1) (Lee et al., 1997) , which mediates direct interactions with multiple large cellular polypeptides (p220, p180, p160, p155, and p140/p130) (Weiss et al., 1997a) . Whereas 9ORF1-associated protein p140/p130 was previously identi®ed as the PDZ-protein DLG (Lee et al., 1997) , the identities of the remaining 9ORF1-associated proteins have not been determined. Reasoning that, like DLG, these unidenti®ed 9ORF1-associated polypeptides contain PDZ domains and also considering their predicted sizes (155 ± 220 kD), we examined a group of cellular PDZ-proteins that included FAP-1 (273 kD) (Sato et al., 1995) , ZO-1 (220 kD) (Willott et al., 1993) , AF-6 (182 kD) (Prasad et al., 1993) , hINADL (167 kD) (Philipp and Flockerzi, 1997), MAGI-1 (152 kD) (Dobrosotskaya et al., 1997) , and ZO-3 (130 kD) (Haskins et al., 1998) for binding to 9ORF1. Using a variety of assays, we demonstrated that 9ORF1 bound to the widelyexpressed PDZ-protein MAGI-1 (see below), but not to the other PDZ-proteins indicated above (data not shown).
Although its function is not known, MAGI-1 is a MAGUK protein related to DLG (Dobrosotskaya et al., 1997) . MAGI-1 is structurally inverted relative to DLG, however, as MAGI-1 has a guanylate kinasehomology domain at its amino-terminus and ®ve PDZ domains at its carboxyl-terminus (Figure 1 ). In addition, MAGI-1 possesses two WW domains rather than the SH3 domain of DLG. Three MAGI-1 isoforms (a, b and c), identical except for sequences carboxyl-terminal to PDZ5, have been identi®ed (Figure 1) . The presence of a consensus bipartite nuclear localization signal within the unique carboxylterminal sequences of MAGI-1c hints that this particular isoform may under certain conditions have functions in the nucleus.
To show binding of MAGI-1 to the 9ORF1 protein, we subjected extracts of COS-7 cells expressing HA epitope-tagged mouse MAGI-1b (HAMAGI-1b) or MAGI-1c (HAMAGI-1c) to GST-pulldown assays with a wild-type 9ORF1 fusion protein. We found that wild-type 9ORF1 complexed similarly with both MAGI-1b (data not shown) and MAGI-1c (Figure 2a ; upper panel). Like 9ORF1, the related E4-ORF1 transforming proteins of adenovirus types 5 (5ORF1) Figure 1 Three isoforms of MAGI-1. MAGI-1 has an inverted MAGUK domain structure with a guanylate kinase-homology domain (GuK) at its amino-terminus and PDZ domains at its carboxyl-terminus. MAGI-1a, -1b, and -1c isoforms are identical except that their sequences diverge carboxyl-terminal to PDZ5. WW, WW domain; NLS, putative bipartite nuclear localization signal and 12 (12ORF1) also possess carboxyl-terminal PDZ domain-binding motifs (Table 1) and likewise bound to both MAGI-1b (data not shown) and MAGI-1c in these assays (Figure 2a ; lower panel). With the use of MAGI-1-speci®c antibodies (Dobrosotskaya et al., 1997) , we also showed that 9ORF1 is similarly able to associate with endogenous MAGI-1 protein derived from extracts of CREF rat embryo ®broblasts ( Figure  2b ). Which MAGI-1 isoform(s) is expressed in CREF cells was not determined, but the size of the detected polypeptide is most consistent with that of MAGI-1c. Also notable was that MAGI-1 and 9ORF1-associated protein p180 co-migrated in protein gels, suggesting that these proteins are the same (Figure 3 ). The speci®city of the binding results described above in Figure 2 was demonstrated by inclusion of 9ORF1 mutant proteins in the same experiments. The PDZ domain-binding motif of severely transformationdefective 9ORF1 mutant IIIA is disrupted by deletion (Table 1) , which renders this mutant unable to complex with any 9ORF1-associated proteins (Weiss et al., 1997a; Weiss and Javier, 1997) . In contrast, the PDZ domain-binding motifs of the weak-transforming 9ORF1 mutants IIIC and IIID have less disruptive missense mutations (Table 1) , which permit these mutants to bind a subset of 9ORF1-associated proteins, albeit at substantially reduced levels in most cases (Weiss et al., 1997a; Weiss and Javier, 1997) . In GST-pulldown assays, we found that MAGI-1 failed to a b Figure 2 Binding of 9ORF1 to MAGI-1 in vitro. (a) 9ORF1 protein binding to mouse MAGI-1c detected in GST-pulldown assays. Extracts of RIPA buer-lysed COS-7 cells transfected with 5 mg of empty GW1 or 5 mg of GWI-HAMAGI-1c plasmid were used in GST-pulldown reactions with the indicated GST fusion protein, and recovered proteins were immunoblotted with HA antibodies. Upper panel, MAGI-1 binding to wild-type and mutant 9ORF1 proteins (see Table 1 ). Lower panel, MAGI-1 binding to the wild-type E4-ORF1 proteins of Ad9, Ad5 (5ORF1), and Ad12 (12ORF1). COS-7 extracts representing one-half the amount used in GST pulldown reactions were also directly immunoblotted with HA antibodies as a control. (b) 9ORF1 binding to endogenous rat MAGI-1 of CREF cells using GST-pulldown assays. CREF cell extracts in RIPA buer were subjected to GST-pulldown assays and then immunoblotted with MAGI-1 antibodies Figure 3 Co-migration of MAGI-1 and 9ORF1-associated protein p180 in a protein gel. GST-pulldown reactions using GST or GST-9ORF1 protein were performed with extracts of human TE85 cells in RIPA buer. Recovered proteins from duplicate GST-pulldown reactions were separated in parallel by SDS ± PAGE and transferred to a membrane, and membranes were either blotted with a radiolabeled 9ORF1 protein probe (left) or with MAGI-1 antibodies (right) Figure 4 Binding of 9ORF1 to MAGI-1 in vivo. Co-immunoprecipitation assays were performed with extracts of COS-7 cells transfected with 4 mg of GW1-HAMAGI-1 plasmid and either 4 mg empty GW1 or 4 mg of GW1 plasmid expressing wild-type or the indicated mutant 9ORF1 protein. COS-7 extracts in RIPA buer were subjected to immunoprecipitation with either HA antibodies (upper panel) or 9ORF1 antibodies (lower panel), and recovered proteins were separately immunoblotted with the same two antibodies. In the lower panel, immunoprecipitation of the COS-7 extract with pre-immune serum (pre) was included as a negative control complex with mutant IIIA, yet complexed with mutant IIIC at approximately wild-type levels or with mutant IIID at substantially reduced levels (Figures 2a, b) . The fact that this binding pro®le of MAGI-1 to wild-type and mutant 9ORF1 proteins was identical to that previously observed for 9ORF1-associated protein p180 provided further support for the idea that these proteins are the same. More important, these ®ndings indicated that 9ORF1 binding to MAGI-1 is speci®c and depends on a functional 9ORF1 PDZ domain-binding motif.
We next performed reciprocal co-immunoprecipitation assays with extracts of COS-7 cells co-expressing HAMAGI-1c and either wild-type or mutant 9ORF1 protein. We found that MAGI-1 co-precipitated with wild-type 9ORF1 but failed to co-precipitate with mutant IIIA (Figure 4 ). MAGI-1 also co-precipitated with mutants IIIC and IIID, but at levels slightly below or substantially below, respectively, that of the wild-type 9ORF1 protein (Figure 4 ). These results were concordant with those of the GST-pulldown assays (see Figure 2 ) and also indicated that 9ORF1 and MAGI-1 form speci®c complexes in cells.
9ORF1 interacts primarily with MAGI-1 PDZ1 and PDZ3
The fact that disrupting the PDZ domain-binding motif of 9ORF1 impairs its binding to MAGI-1 implies that this viral protein binds one or more MAGI-1 PDZ domains. To verify this prediction, we performed protein blotting assays by incubating membraneimmobilized fusion proteins of individual MAGI-1 PDZ domains with a radiolabeled 9ORF1 protein probe. In these assays, the wild-type 9ORF1 protein probe bound strongly with PDZ1 and PDZ3, weakly with PDZ2, but failed to bind either PDZ4 or PDZ5 (Figure 5a ). Additionally, none of these MAGI-1 PDZ domains reacted with a mutant IIIA protein probe (data not shown), indicating that the detected binding was speci®c and dependent on a functional 9ORF1 PDZ domain-binding motif.
As 9ORF1 mutants IIIC and IIID displayed nearly wild-type or reduced binding, respectively, to MAGI-1 (see Figures 2 and 4), these mutant proteins were also used as probes in protein blotting assays. In these experiments, mutants IIIC and IIID displayed recipro- GST proteins fused to individual MAGI-1 PDZ domains were separated by SDS ± PAGE, immobilized on duplicate membranes, and either stained with coomassie or protein blotted with the indicated wild-type or mutant 9ORF1 fusion protein probe. (b) Illustration of MAGI-1 deletion mutants. (c) A MAGI-1 mutant missing PDZ1 and PDZ3 fails to interact with 9ORF1 in GST pulldown assays. Extracts of RIPA buer-lysed COS-7 cells transfected with 5 mg of GW1 plasmid expressing either HA-tagged wild-type or the indicated mutant MAGI-1 protein were subjected to GST-pulldown reactions with either GST or GST-9ORF1 fusion protein, and recovered proteins were immunoblotted with HA antibodies. COS-7 extracts representing one-tenth the amount used in GST pulldown reactions were also directly immunoblotted with HA antibodies as a control. (d) A MAGI-1 mutant missing PDZ1 and PDZ3 fails to interact with 9ORF1 in co-immunoprecipitation assays. Co-immunoprecipitation assays were performed with extracts of COS-7 cells transfected with 4 mg of wild-type or mutant GW1-HAMAGI-1 plasmid and either 4 mg empty GW1 or 4 mg of GW1-9ORF1 plasmid. COS-7 extracts in RIPA buer were subjected to immunoprecipitation with 9ORF1 antibodies, and recovered proteins were separately immunoblotted with either HA antibodies (upper panels) or 9ORF1 antibodies (lower panels) cal defects in binding to MAGI-1 PDZ1 and PDZ3. Speci®cally, mutant IIIC reacted with PDZ3 but not with PDZ1 and mutant IIID reacted with PDZ1 but not with PDZ3 ( Figure 5a ). Also, mutant IIID bound to MAGI-1 PDZ2, but mutant IIIC did not interact detectably with this domain. These results revealed that, although they are able to bind MAGI-1, mutants IIIC and IIID both have impaired domain interactions with this PDZ protein.
To con®rm that MAGI-1 PDZ1 and PDZ3 primarily determine binding of 9ORF1 to the full-length MAGI-1 polypeptide, we constructed a MAGI-1 doubledeletion mutant missing both PDZ1 and PDZ3 (HAMAGI-1DPDZ1+3) (Figure 5b ). In agreement with the results of protein blotting assays (see Figure   5a ), 9ORF1 failed to bind HAMAGI-1DPDZ1+3 both in GST-pulldown assays ( Figure 5c ) and in coimmunoprecipitation assays (Figure 5d ). Although 9ORF1 can bind to MAGI-1 PDZ2 (see Figure 5a ), this weak interaction was presumably too low to detect in these experiments. These ®ndings showed that MAGI-1 PDZ1 and PDZ3, and no other region of MAGI-1, largely mediate binding to 9ORF1.
Contrary to results obtained with the HAMAGI-1DPDZ1+3 double-deletion mutant, MAGI-1 singledeletion mutants missing either only PDZ1 (HAMA-GI-1DPDZ1) or only PDZ3 (HAMAGI-1DPDZ3) ( Figure 5b ) associated with 9ORF1 at approximately wild-type levels (Figure 5c ), demonstrating that either PDZ1 alone or PDZ3 alone is sucient to confer upon MAGI-1 wild-type binding to 9ORF1. This ®nding also suggested that the strong binding of mutant IIIC to MAGI-1 (see Figures 2 and 4) is due to this mutant retaining approximately wild-type anity for PDZ3 and that the weak binding of mutant IIID to MAGI-1 (see Figures 2 and 4) is due to this mutant having reduced anity for PDZ1. The reason that the predicted reduced anity of mutant IIID for PDZ1 was not revealed in protein blotting assays (see Figure  5a) is not clear, but it may be due to dierences in the speci®c activity of each protein probe.
9ORF1 aberrantly sequesters MAGI-1 in the cytoplasm of cells
Indirect immuno¯uorescence (IF) microscopy assays were used to ascertain the subcellular distribution of MAGI-1 in cells. We found that, in normal CREF ®broblasts, MAGI-1 was primarily distributed diusely within the cytoplasm (Figure 6a ). Other PDZ proteins also localize in the cytoplasm (Wu et al., 1998; Yang et al., 1998) , although these types of polypeptides more often associate with the plasma membrane at sites of cell-cell contact in epithelial cells (Fanning and Anderson, 1999) . Because 9ORF1 is present within punctate bodies in the cytoplasm of CREF cells (Weiss et al., 1996) , we hypothesized that the staining pattern of MAGI-1 in 9ORF1-expressing CREF cells would be dramatically altered from that of normal CREF cells, resembling that of 9ORF1. As expected, MAGI-1 was redistributed within punctate bodies in the cytoplasm of CREF cells expressing wild-type 9ORF1 (CREF-9ORF1) (Figure 6a ). This aberrant localization of MAGI-1 was due to association of 9ORF1 with MAGI-1, as these proteins co-localized in these cells (Figure 6b) .
We also examined the subcellular distribution of MAGI-1 in CREF cell lines stably expressing mutant 9ORF1 proteins (see Table 1 ) which, similar to wildtype 9ORF1, exhibit punctate cytoplasmic staining in CREF cells (Weiss et al., 1997a) . Despite the fact that each of the dierent CREF cell lines expressed 9ORF1 protein at comparable levels ( Figure 7 , upper panel), Figure 7 Aberrant sequestration of MAGI-1 within RIPA buer-insoluble complexes in 9ORF1-expressing CREF cells. Normal CREF cells or CREF cells stably expressing wild-type or mutant 9ORF1 protein were lysed either in sample buer (upper panel) or in RIPA buer and subsequently centrifuged to yield RIPA buer-soluble supernatant (S) and RIPA buerinsoluble pellet (I) fractions (lower panel). Extracts of sample buer-lysed cells or equal volumes of the S and I fractions from RIPA buer-lysed cells were separately immunoblotted with MAGI-1 antibodies or 9ORF1 antiserum Figure 8 Binding of high-risk HPV E6 oncoproteins to MAGI-1 in vitro. Extracts of COS-7 cells transfected with 5 mg of empty GW1 or 5 mg of GWI-HAMAGI-1c plasmid were subjected to GST-pulldown reactions with the indicated GST fusion protein, and recovered proteins were immunoblotted with HA antibodies. GST pulldown assays with the indicated GST fusion protein were performed with COS-7 extracts in RIPA buer or NETN buer. COS-7 extracts representing one-tenth the amount used in GST pulldown reactions were also directly immunoblotted with HA antibodies as a control Figure 9 HPV-18 E6-induced degradation of MAGI-1 in vitro. In vitro-translated FLAG epitope-tagged MAGI-1c (MAGI-1c) was mixed with in vitro-translated wild-type 18E6, mutant 18E6-V158A, wild-type 16E6, mutant 16E6-T149D/L151A, or control waterprimed lysates and incubated at 308C for the indicated times. At each time point, reactions were immunoprecipitated with FLAG antibodies, and recovered proteins were separated by SDS ± PAGE and visualized by autoradiography (left panel). The amount of in vitro-translated E6 protein used in each assay is shown (right panel) the staining pattern of MAGI-1 in the CREF cell line expressing mutant IIIA (CREF-IIIA; Figure 6a ), which fails to bind MAGI-1 (see Figure 2) , was similar to that of normal CREF cells, whereas substantially less aberrant punctate staining for MAGI-1 was detected in the cytoplasm of the CREF cell line expressing mutant IIID (CREF-IIID; Figure 6a ), which binds weakly to MAGI-1 (see Figure 2) . Interestingly, the CREF cell line expressing mutant IIIC (CREF-IIIC), which binds MAGI-1 at nearly wild-type levels (see Figure 2) , showed a MAGI-1 staining pattern similar to that of normal CREF cells (Figure 6a) . Therefore, in addition to having defective PDZ-domain interactions with MAGI-1 (see Figure 5a) , mutants IIIC and IIID also either failed or showed a substantially reduced capacity, respectively, to sequester MAGI-1 within punctate bodies in the cytoplasm of CREF cells.
To con®rm the aberrant sequestration of MAGI-1 by 9ORF1 detected in IF assays, we performed crude cell-fractionation assays with the same CREF cell lines. In these experiments, cells lysed in RIPA buer were separated by centrifugation into RIPA buer-soluble supernatant and RIPA buer-insoluble pellet fractions, each of which was immunoblotted for the presence of MAGI-1 protein. In normal CREF cells, the majority of MAGI-1 protein was detected in the RIPA buersoluble fraction but, in CREF-9ORF1 cells, MAGI-1 was exclusively present within the RIPA buerinsoluble fraction (Figure 7 , lower panel). It was this inability to recover soluble MAGI-1 protein from extracts of CREF-9ORF1 cells that prevented us from showing co-immunoprecipitation of 9ORF1 and MAGI-1 with this particular cell line. This observation also explained the substantially lower levels of MAGI-1 protein recovered in lysates of COS-7 cells coexpressing MAGI-1 and 9ORF1 compared to those recovered in COS-7 cells expressing MAGI-1 alone (see Figure 5d) . Additionally, the results of crude cellfractionation assays with CREF cells expressing mutant 9ORF1 proteins were in accordance with the IF ®ndings because MAGI-1 protein was recovered primarily in the RIPA buer-soluble fraction of the CREF-IIIA, CREF-IIIC, and CREF-IIID cell lines (Figure 7 , lower panel).
High-risk human papillomavirus E6 oncoproteins also complex with MAGI-1
We (Lee et al., 1997) and others (Kiyono et al., 1997) previously showed that, like 9ORF1, high-risk but not (Table  1) and bind DLG. To determine whether high-risk HPV E6 oncoproteins also bind MAGI-1, we performed GST-pulldown assays with lysates of COS-7 cells expressing the HAMAGI-1c protein. The results indicated that wild-type high-risk 16E6 and 18E6, but not low-risk HPV-11 E6 (11E6), bind MAGI-1 in these assays (Figure 8) . Moreover, the mutants 16E6-T149D/ L151A and 18E6-V158A, which have disrupted PDZ domain-binding motifs (Table 1) , failed to bind MAGI-1, indicating that the interactions between wild-type high-risk E6 oncoproteins and MAGI-1 were speci®c and required a functional PDZ domain-binding motif. We further demonstrated that a 16 aa-residue carboxyl-terminal 18E6 peptide (18E6-CT16) containing the PDZ domain-binding motif was sucient to mediate binding to MAGI-1 (Figure 8 ).
High-risk HPV E6 oncoproteins target MAGI-1 for degradation
High-risk HPV E6 oncoproteins promote degradation of the p53 tumor suppressor protein in cells by ubiquitin-dependent proteolysis (Schener et al., 1990) . As we recently showed that DLG is also targeted for degradation by high-risk HPV E6 proteins (Gardiol et al., 1999) , it was of interest to determine whether MAGI-1 is similarly aected by these viral proteins. This possibility was initially examined by mixing and incubating in vitro-translated FLAG epitope-tagged MAGI-1 with wild-type or mutant 18E6 and 16E6 proteins. We found that, following incubation with either wild-type 18E6 or 16E6, MAGI-1 protein levels were substantially more reduced than following incubation with mutant 18E6-V158A or 16E6-T149D/L151A, or with a water-primed in vitrotranslation reaction (Figure 9 ).
To determine whether high-risk HPV E6 proteins also speci®cally target MAGI-1 for degradation in cells, we compared the steady-state protein levels of MAGI-1 in COS-7 cells either expressing MAGI-1 alone or co-expressing MAGI-1 and wild-type or mutant E6 proteins. Consistent with our in vitro results, MAGI-1 protein levels were substantially reduced in cells expressing either wild-type 18E6 or 16E6 (Figure 10a) . The results of additional experiments indicated that the reduction of MAGI-1 protein levels in cells expressing these wild-type E6 proteins was speci®c and due to proteolysis. First, no decrease in MAGI-1 protein levels was detected in cells expressing either the 18E6-V158A or 16E6-T149D/ L151A mutant protein, or the low-risk 11E6 protein (Figure 10a) . Second, consistent with our inability to detect binding of 18E6 to a truncated MAGI-1 protein lacking all ®ve PDZ domains (MAGI-1D5PDZ) (see Figure 5b ) or to the wild-type MAGUK-family PDZprotein ZO-2 (Jesaitis and Goodenough, 1994) (Figure  10b ), 18E6 failed to reduce the protein levels of either polypeptide in cells (Figure 10c) . Finally, the results of pulse-chase experiments in COS-7 cells expressing MAGI-1 alone or co-expressing MAGI-1 and 18E6 demonstrated that the half-life of the MAGI-1 protein is drastically decreased from approximately 24 h in normal cells to approximately 1 h in 18E6-expressing cells (Figure 11) . From these results, we conclude that high-risk HPV E6 oncoproteins speci®cally target the PDZ-protein MAGI-1 for degradation in cells.
Discussion
Interactions of the 9ORF1 oncoprotein with the MAGUK-protein DLG and with several other unidenti®ed cellular factors (p220, p180, p160, p155) correlate with the ability of this viral protein to transform cells . Thus, identi®cation and characterization of the unidenti®ed cellular proteins is expected to aid in fully revealing the mechanisms of 9ORF1-induced transformation. In this study, we showed that, in addition to DLG, 9ORF1 also binds to the related MAGUK-protein MAGI-1 and that this cellular PDZ protein likely represents the previously unidenti®ed 9ORF1-associated protein p180. Particularly noteworthy is that all transformation-defective 9ORF1 mutants having an altered PDZ domain-binding motif displayed impaired interactions with MAGI-1. For example, the severely transformation-defective mutant IIIA and the weak-transforming mutant IIID failed or showed a substantially reduced capacity, respectively, to bind MAGI-1. In addition, although the weak-transforming mutant IIIC bound to MAGI-1 at nearly wild-type levels in cells, this mutant protein was impaired both for interacting with certain MAGI-1 PDZ domains and for aberrantly sequestering MAGI-1 within RIPA buer-insoluble complexes in the cytoplasm of cells. With respect to the latter observation, we noted that, in contrast to wild-type 9ORF1, substantial amounts of mutant IIIC protein exist in the RIPA buer-soluble fraction of cells, suggesting that this mutant may be inherently unable to sequester PDZ proteins in the cytoplasm of cells. Taken together, results with transformation-defective 9ORF1 mutants argue that the abilities of 9ORF1 to bind and aberrantly sequester MAGI-1 in cells contribute to 9ORF1-mediated cellular transformation. The fact that transformation-defective 9ORF1 mutants also fail to bind other 9ORF1-associated PDZ-proteins (Lee et al., 1997) , however, suggests that interactions of 9ORF1 with additional PDZ proteins are likewise important.
It is also noteworthy that, among six dierent PDZ proteins examined, only MAGI-1 was found to interact with 9ORF1. This ®nding indicates that 9ORF1 targets only select PDZ proteins in cells. This idea is further evidenced by the select interaction of 9ORF1 with two of the ®ve PDZ domains of MAGI-1 and two of the three PDZ domains of DLG (Lee et al., 1997) . These observations, coupled with the fact that 9ORF1 mutants IIIC and IIID bind only one MAGI-1 PDZ domain, argue that precise sequence requirements both within the PDZ domain-binding motif of 9ORF1 and within each PDZ domain of the 9ORF1-associated targets determine these highly speci®c protein-protein interactions.
The fact that MAGI-1 is a MAGUK-family protein suggests that this PDZ protein functions to assemble numerous cellular targets into large signaling complexes in cells. In contrast to many PDZ proteins, however, MAGI-1 was found to localize predominantly in the cytoplasm of CREF ®broblasts. Although we cannot discount the possibility that a minor fraction of MAGI-1 is present at the membrane of CREF cells, this ®nding may indicate that MAGI-1 functions primarily in the cytoplasm. Alternatively, it is feasible that MAGI-1 does function at the membrane, but its translocation to this site occurs only following speci®c cellular stimuli. Besides possible cytoplasmic and membrane activities, the MAGI-1c isoform, which contains a consensus bipartite nuclear localization signal (Dobrosotskaya et al., 1997) , may additionally function in the nucleus, perhaps to regulate the transcription of certain cellular genes. Again, we did not detect MAGI-1 in the nucleus of cells, but nuclear localization may occur only under speci®c conditions, as has been reported for the related MAGUK-family protein ZO-1 (Gottardi et al., 1996) . Regardless of where in the cell MAGI-1 functions, however, this cellular factor would likely be inactivated in 9ORF1-expressing cells, as we found that 9ORF1 aberrantly sequesters MAGI-1 in the cytoplasm of cells. Also considering that 9ORF1 binds strongly to MAGI-1 PDZ1 and PDZ3, 9ORF1 would be expected to block MAGI-1 from complexing with the normal cellular targets of these PDZ domains. Therefore, aberrant sequestration and disruption of protein complexes, as well as perturbation of associated protein activities, may all be envisioned as possible mechanisms by which 9ORF1 could inhibit the normal functions of MAGI-1 in cells.
Like 9ORF1, all known high-risk HPV E6 oncoproteins also possess a carboxyl-terminal PDZ domainbinding motif (Lee et al., 1997) . Signi®cantly, disruption of the PDZ domain-binding motif of 16E6 renders this viral protein transformation-defective in rat 3Y1 ®broblasts (Kiyono et al., 1997) . As infections with high-risk HPV-16 and HPV-18 are associated with approximately 75% of cervical carcinomas (Bosch et al., 1995) , our ®nding that both the 16E6 and 18E6 oncoproteins, but not the low-risk 11E6 protein, utilize their carboxyl-terminal PDZ domain-binding motif to bind the PDZ-protein MAGI-1 is also likely to be important. This idea is further underscored by the facts that 16E6 and 18E6 mutant proteins having disrupted PDZ domain-binding motifs fail to bind MAGI-1 and that the wild-type viral proteins do not complex with the related MAGUK proteins ZO-1 (unpublished results) and ZO-2. Such speci®c and selective interactions suggest that the ability of high-risk HPV E6 oncoproteins to associate with MAGI-1 in cells may contribute to the development of HPV-associated cancers in people.
A common mechanism by which the oncoproteins of DNA tumor viruses promote tumorigenesis is the inactivation of cellular tumor suppressor proteins. For example, both the adenovirus E1B and high-risk HPV E6 oncoproteins functionally inactivate the tumor suppressor protein p53, yet by distinct mechanisms. In this regard, E1B sequesters p53 in an inactive state (Shenk, 1996) , whereas high-risk HPV E6 targets p53 for ubiquitin-mediated proteolysis (Howley, 1996) . Likewise, we found that the 9ORF1 oncoprotein sequesters MAGI-1 in the cytoplasm of cells whereas the high-risk HPV E6 proteins target MAGI-1 for degradation in cells. These ®ndings argue that adenovirus E4-ORF1 and high-risk HPV E6 oncoproteins similarly inactivate MAGI-1 by distinct mechanisms. As MAGI-1 is related to DLG and both proteins are selectively targeted by two otherwise unrelated viral oncoproteins, it seems plausible that these PDZ proteins have related functions in cells. Therefore, we hypothesize that MAGI-1 similarly functions to suppress inappropriate cellular proliferation and, consequently, represents a new candidate tumor suppressor protein.
Materials and methods
Cells and cell extracts
CREF (Fisher et al., 1982) , TE85 (McAllister et al., 1971), and COS-7 (Gluzman, 1981) cell lines were maintained in culture medium (Dulbecco's Modi®ed Eagle Medium supplemented with gentamicin (20 mg/ml) and 6 or 10% fetal bovine serum (FBS)). CREF cell pools (group 16) stably expressing wild-type or mutant 9ORF1 protein (Weiss et al., 1997a) , as well as a CREF cell pool stably expressing an in¯uenza hemagglutinin (HA) epitope-tagged 9ORF1 protein (Weiss et al., 1997b) , were maintained in culture medium supplemented with G418.
Cell extracts were prepared in either RIPA buer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% (vol/vol) Nonidet P-40, 0.5% (wt/vol) sodium deoxycholate, 0.1% (wt/vol) sodium dodecyl sulfate (SDS)) or NETN buer (20 mM Tris, pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40 (vol/vol)) as described previously (Lee et al., 1997) . Alternatively, cells were lysed directly in sample buer (0.15 M Tris-HCl pH 6.8, 2% (wt/vol) SDS, 10% (vol/vol) glycerol, 1% (vol/vol) bmercaptoethanol, 0.0015% (wt/vol) bromophenol blue). For crude cell-fractionation assays, the pellet obtained after centrifugation of RIPA buer-lysed cells was solublized in sample buer using the same volume originally used to lyse the cells in RIPA buer. Protein concentrations of cell extracts were determined by the Bradford assay (Bradford, 1976) . Plasmids pCDNA3 (Invitrogen) plasmids coding for amino-terminal FLAG epitope-tagged mouse MAGI-1 isoform b (MAGI1b), MAGI-1 isoform c (MAGI-1c), and MAGI-1b missing either PDZ1 (aa 453 ± 549; MAGI-1bDPDZ1), PDZ2 (aa 625 ± 702; MAGI-1bDPDZ2), or PDZ3 (aa 796 ± 875; MAGI1bDPDZ3), as well as pGEX-KG (Pharmacia) plasmids coding for MAGI-1 PDZ1 (aa 431 ± 545), PDZ2 (aa 601 ± 702), PDZ4 (aa 925 ± 1034), or PDZ5 (aa 1013 ± 1116) were generously provided by Guy James. cDNA sequences coding for MAGI-1 PDZ3 (aa 763 ± 880) were ampli®ed by PCR and introduced in-frame with the glutathione S-transferase (GST) gene of pGEX-2T to make pGEX-MAGI-1PDZ3. pGEX-2T and pGEX-2TK plasmids coding for wild-type Ad5 and Ad12 E4-ORF1 proteins (5ORF1 and 12ORF1, respectively), as well as for wild-type or mutant 9ORF1 proteins were described previously . The cDNAs of HPV-18 E6 (18E6) mutant 18E6-V158A, wild-type HPV-16 E6 (16E6), and mutant 16E6-T149D/L151A were introduced into the HindIII and EcoRI sites of pSP64 (Promega) to generate pSP64-18E6-V158A, pSP64-16E6, and pSP64-16E6-T149D/L151A, respectively. An HA-epitope tag was introduced at the amino-terminus of MAGI-1b, MAGI-1c, MAGI-1D5PDZ (aa 1 ± 424), 16E6, mutant 16E6-T149D/ L151A, and canine ZO-2 by PCR methods. cDNAs coding for the HA-epitope-tagged MAGI-1 and 16E6 proteins were introduced between the HindIII and EcoRI sites of CMV expression plasmid GW1 (British Biotechnology) to generate GW1-HAMAGI-1b, GW1-HAMAGI-1c, GW1-HAMAGI-1D5PDZ, GW1-HA16E6, and GW1-HA16E6-T149D/ L151A. The HA-epitope-tagged ZO-2 cDNA was introduced into the SmaI site of GW1 to generate GW1-HAZO-2. The deletions of pCDNA3-FLAGMAGI-1bDPDZ1 and pCDNA3-FLAGMAGI-1bDPDZ3 were subcloned individually or in combination into GW1-HAMAGI-1b to generate GW1-HAMAGI-1bDPDZ1, GW1-HAMAGI-1bDPDZ3, and GW1-HAMAGI-1bDPDZ1+3. PCR reactions were performed with Pfu polymerase (Stratagene), and plasmids were veri®ed by restriction enzyme and limited sequence analyses. Plasmids GW1-HA18E6, GW1-HA18E6-V158A, GW1-HA11E6, GWI-9ORF1wt, GW1-9ORF1IIIA, GW1-9OR-F1IIIC, GW1-9ORF1IIID, and pSP64-18E6 were described elsewhere (Gardiol et al., 1999) .
Antisera and antibodies
Rabbit polyclonal antiserum raised to the unique aminoterminal region of MAGI-1 (aa 2 ± 140) was generously provided by Guy James (Dobrosotskaya et al., 1997) . 9ORF1 antiserum was described previously (Javier, 1994) . Commercially-available FLAG antibodies (Santa Cruz Biotechnology), 12CA5 HA monoclonal antibodies (BABCO; Boehringer Mannheim), normal rabbit IgG, peroxidaseconjugated goat anti-rabbit or goat anti-mouse IgG (Southern Biotechnology Associates), FITC-conjugated goat antirabbit or goat anti-mouse IgG (Gibco BRL), or Texas redconjugated goat anti-mouse IgG (Molecular Probe) were used.
GST-pulldown, immunoprecipitation, and immunoblot assays
GST-pulldown and immunoprecipitation assays were performed with cell extracts in RIPA buer as described previously (Lee et al., 1997) . Immunoblot assays were carried out as described previously (Weiss et al., 1996) using either 9ORF1 (1 : 5000), HA (0.2 mg/ml), or MAGI-1 (1 mg/ml) primary antibodies and either horseradish peroxidase-conjugated goat anti-rabbit IgG or goat anti-mouse IgG (1 : 5000) secondary antibodies. Immunoblotted assays were developed by enhanced chemiluminescence (Pierce).
Protein blotting assays
Individual MAGI-1 PDZ domains were expressed as GSTfusion proteins in bacteria, puri®ed on glutathione sepharose beads (Pharmacia) (Smith and Corcoran, 1994) , separated by SDS-polyacrylamide gel electrophoresis (PAGE), and transferred to a nitrocellulose membrane. Methods for preparing radiolabeled GST fusion probes and for performing protein blotting assays with such probes have been described (Lee et al., 1997) .
Immunofluorescence microscopy assays
For indirect immuno¯uorescence (IF) microscopy assays (Harlow and Lane, 1988) , cells were grown on coverslips, ®xed in methanol for 20 min at 7208C, blocked in IF buer (TBS (50 mM Tris-HCl pH 7.5, 200 mM NaCl) containing 10% goat serum (Sigma)) for 1 h at RT and, then, incubated with either MAGI-1 antibodies (5 mg/ml), HA antibodies (0.24 mg/ml) or normal rabbit IgG (5 mg/ml) for 3 h at 378C. Cells were subsequently washed with TBS, blocked as described above, incubated with either FITC-conjugated goat anti-rabbit or goat anti-mouse IgG antibodies (1 : 250) or Texas red-conjugated goat anti-mouse IgG antibodies (1 : 250) for 1 h at 378C, and washed with TBS. All antibodies were diluted in IF buer. Cells were visualized bȳ uorescence microscopy using a Zeiss Axiophot microscope, and images were processed using Adobe PhotoShop software.
In vitro-degradation assays pCDNA3-FLAGMAGI-1c, pSP64-18E6, pSP64-18E6-V158A, pSP64-16E6, and pSP64-16E6-T149D/L151A plasmids were transcribed and translated in vitro using the TnT coupled rabbit reticulocyte lysate system (Promega) and 50 mCi [ 35 S]-cysteine (1200 Ci mmol) (Amersham), according to the manufacturer's instructions. The amount of radioactivity introduced into in vitro-translated proteins per microliter of reaction was determined by resolving an aliquot of each reaction by SDS ± PAGE and quantifying CPM within relevant protein bands using a Storm Molecular Dynamics phosphorimager. For in vitro-degradation assays, a reaction volume equivalent to 50 c.p.m. of in vitro-translated FLAGMAGI-1c protein was mixed with a reaction volume equivalent to 250 c.p.m. of in vitro-translated 18E6, 18E6-V158A, 16E6, or 16E6-T149D/L151A protein. All assay volumes were equalized with a water-primed in vitrotranslation reaction and, at selected time points, an aliquot from each assay mixture was removed and subjected to immunoprecipitation analysis. Recovered proteins were resolved by SDS ± PAGE and visualized by audioradiography.
Pulse-chase labeling of proteins in cells
At 48 h post-transfection, COS-7 cells were incubated with methionine-and cysteine-free DMEM containing 5% dialyzed FBS (5% FBS-DMEM-MC) for 30 min and, then, pulse labeled for 15 min in the same medium containing 0.2 mCi ml [ 35 S] EXPRESS protein label (Dupont). Following several washes with 5% FBS-DMEM-MC, pulse radiolabeled cells were chased by incubation with culture medium containing ®vefold excess methionine (15 mg/l) for various times, harvested, and lysed in RIPA buer. Cell extracts were subjected to immunoprecipitation with HA antibodies, and recovered proteins were resolved by SDS ± PAGE and visualized by autoradiography. Amounts of protein immunoprecipitated were quanti®ed using a phosphorimager.
